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Abstract
During a strong earthquake, extensive damage of bridge columns usually occurs at the plastic hinge region.
To mitigate the damage, the effect of using polypropylene fiber reinforced cement composites at the column
plastic hinge is investigated based on full scale shake table experiments and scaled model experiments. The
full scale column was subjected to the near-field ground motion recorded at the JR Takatori station during the
1995 Kobe, Japan earthquake while the model column was subjected to quasi-dynamic loading. Experimental
results show that use of PFRC substantially mitigated cover and core concrete damage and local buckling of
longitudinal bars. The damage sustained by the columns using PFRC was much less than the damage of
regular reinforced concrete columns.
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1. Introduction
Recent earthquakes have caused collapse or severe damage of major bridges that were nominally
designed for seismic forces. Such events led to increased research activity on seismic design of
new bridges, assessment and retrofit of older substandard bridges, and the revision of seismic
design philosophy [1]. Currently, the design for new bridges places emphasis on providing
adequate displacement and ductility capacity with less emphasis on strength capacity so that
critical damages would be prevented [2]. To mitigate seismic damage, ductile materials are
currently being developed and their feasibility being investigated. High performance fiber
reinforced cement composites (HPFRCC), materials produced by strengthening cement-based
matrix with short, discontinuous and randomly distributed fibers has recently been used. In these
materials, the addition of fibers to the brittle cement matrix causes fiber-bridging or transferring of
stress across the crack resulting in a damage-mitigating behavior. Hence, HPFRCC resists the
crack growth better relative to plain concrete. Nowadays, the design of HPFRCC aims at strainhardening behavior - a plastic deformation prior to ultimate strength - for ductile failure to occur.
A type of HPFRCC that is now being widely used for structural and retrofit applications is called
engineered cementitious composites (ECC). ECC has high tensile strain capacity (1-8% in general)
with moderate fiber dosage under usual strength matrix. Such efficient high performance results
from closely-spaced multiple cracking prior to widening of a critical crack - behavior that is absent
in conventional fiber reinforced concrete [3]. The formation of multiple fine cracks upon loading
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in tension leads to improvement in toughness, fatigue resistance, and deformation capacity [4; 5].
At present, HPFRCCs are used in the plastic hinge region of flexural members such as beams,
columns, structural wall bases, and in members with shear-dominated response such as beamcolumn connections, squat walls and coupling beams [3; 5; 6]. Moreover, ECC with polyvinyl
alcohol (PVA) fibers was used in one of the bents of a 1/4-scale, four-span bridge model subjected
to shake-table excitations [7]. HPFRCCs have also been used for seismic retrofit applications such
as dampers [8], infill panel walls [9] and concrete jacket [10]. The deformation capacity and
energy absorption capacity of structural members were significantly improved. This study
investigates the effect of PFRC for enhancing the damage control and ductility capacity of a fullscale bridge column (C1-6 column) subjected to a near-field ground motion based on shake table
experiments [11] and scaled model (HPF-S column) experiments based on seismic response
loading [12]. Knowing the effects of this material on column response can give engineers greater
flexibility in designing and rehabilitating column structures and in improving their performance
during earthquakes.
2. Overview of C1-6 and HPF-S Column Experiments
2.1. Column Configuration and Material Properties
C1-6 column is a full-scale column while HPF-S column is a 6/35 geometrically scaled model of
C1-6. Their structural details are shown in Figs. 1 and 2, respectively.

Fig. 1. C1-6 column configuration and dimensions (mm)

Fig. 2. HPF-S column configuration and dimensions (mm)
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C1-6 is a 7.5 m tall, 1.8 m by 1.8 m square cantilever column designed in accordance with the
2002 Japan Specifications of Highway Bridges assuming moderate soil condition under the Type
II design ground motion (nearfield ground motions). PFRC was used at a part of the footing with a
depth of 0.60 m below the column base and a depth of 2.7 m above the column base. The 2.7 m
depth of PFRC is three times the estimated plastic hinge length of one-half the column width [13]
corresponding to 0.90 m so that failure at the PFRC-concrete interface can be avoided. The 0.60 m
depth of PFRC at the footing was also provided to minimize damage in the column-footing
connection. The remaining portions of the column were made of ordinary concrete.
PFRC with design compressive strength of 40 MPa was used. The mixture consists of cement
mortar, fine aggregates with maximum grain size of 0.30 mm, water, and 3% volume of
polypropylene fibers. Monofilament polypropylene fibers with diameter of 42.6 μm, length of 12
mm, tensile strength of 482 MPa, Young’s modulus of 5 GPa and density of 0.91 kg/m3 were
used. Superplasticizers were added to improve the workability of the mix. The design compressive
strength of ordinary concrete used in the other parts of the column was 30 MPa.
Eighty-35 mm diameter deformed longitudinal bars were provided in two layers corresponding to
a reinforcement ratio rl of 2.47%. Deformed 22 mm diameter ties with 135 degree bent hooks lapspliced with forty times the bar diameter were provided. Outer ties were spaced at 150 mm and
inner ties were spaced at 300 mm throughout the column height. Cross-ties were provided at 150
mm spacing within a height of 2.7 m from the column base to increase confinement of the
rectangular ties. Tie reinforcement ratio rs within a height of 2.7 m from the column base is
1.72%.
On the other hand, HPF-S column was designed based on 6/35 geometrical scale of C1-6 column.
6/35 refers to the 35 mm nominal diameter of longitudinal bars in C1-6 and 6 mm in HPF-S,
respectively. Based on this scale, the column is 1.37 m high from the top of the footing to the
loading point (total height from the top of footing to the column top is 1.63 m). The column’s
square cross-section dimension was rounded off to 0.3 m to become multiple of 10. PFRC was
applied within 0.45 m from the column base. Like C1-6 column, such value was three times the
estimated plastic hinge length of 0.15 m. The other portions including the entire footing were built
using ordinary concrete. As will be described later, this resulted in more severe column failure at
the column base. PFRC of the same mix design, fiber volume and fiber properties as C1-6 column
was used in the scaled model. The nominal strength of PFRC was 40 MPa while that of concrete
was 30 MPa.
Eighty deformed longitudinal bars with diameter of 6 mm were also set in two layers in the scaled
model corresponding to a reinforcement ratio rl of 2.62%. Deformed bars with a diameter of 4 mm
were set at every 26 mm for outer ties and at every 52 mm for inner ties. Four cross ties were
provided at every 26 mm in the column within 450 mm from the base while two cross ties were
provided every 26 mm in the column higher than 450 mm from the base. Volumetric tie
reinforcement ratio rs in the model column was 1.90%. Note that discrepancies between the
columns were avoided as much as possible. However, constraint in the availability of construction
materials (e.g. diameter of steel bars) and rounding-off of dimensions cannot be avoided.
2.2. Loading Condition
Fig. 3 shows the shake-table experiment set-up for C1-6 column while Fig. 4 shows the quasidynamic loading (seismic response loading) set-up for HPF-S column. C1-6 column was subjected
to shake-table excitations using the E-Defense shake table, the world’s largest shake table
constructed by the National Research Institute for Earth Science and Disaster Prevention (NIED),
Japan. This shake table is a three-dimensional, full-scale earthquake simulator measuring 20 m
long by 15 m wide.
The column was excited using the near-field ground motion recorded at the JR Takatori Station
during the 1995 Kobe earthquake. Taking into account the effect of soil-structure interaction, a

Structural and Material Engineering

25

Sustainable Construction, Engineering and Infrastructure Management

ground motion with 80% of the original intensity of the JR Takatori record was imposed as a
command to the table in the experiment. This ground motion is called the 100% E-Takatori ground
motion. The EW, NS, and UD components of the 100% E-Takatori ground motion were applied in
the longitudinal, transverse, and vertical directions, respectively, of the bridge model.
As summarized in Table 1, shake table excitations were conducted six times. For the first two
excitations, the column was subjected to the 100% E-Takatori ground motion under a deck mass of
307 t. Then, two additional mass blocks were applied corresponding to 21% mass increase (307 tf
to 372 tf). The column was once excited under the same intensity. The last three repeating
excitations corresponded to 25% increase in the amplitude of the E-Takatori ground motion. Note
that 125% E-Takatori ground motion was the strongest ground motion that can be generated by the
E-Defense shake table due to stroke limitations.
HPF-S column was loaded similar to the sequence of C1-6 column's shake table excitations.
Moreover, the scaled column was loaded until 9th excitation. Note that comparison of response
between the full-scale and scaled model will be made only until the 6th excitation.
Mass-based similitude law considering strength of materials was employed but neglecting the
effect of gravity loads. In this law, the scale factor for mass must be (6/35)3 [14] to accurately
simulate the mass distribution of C1-6 column. Since there was a constraint in loading rate (i.e. the
scale factor for the duration is 10 instead of 6/35), the dimensional analysis has been modified so
that the necessary scale factor for force (i.e. (6/35)2) was still obtained.
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In the HPF-S column, the lateral response displacements measured at the top of C1-6 column were
imposed at a scale of 6/35 to HPF-S column at the loading point using displacement control.
Moreover, the vertical force that acted on the base of the prototype was also imposed at a scale of
(6/35)2 to the top of HPF-S column using force control. Such command was modified to account
the P- effect, effect of rotation and sliding of the footing, and geometric interactions within the
three components of loading displacements [13]. Such a loading is referred here as “seismic
response loading.”
3. Effect of PFRC on Column Seismic Performance
3.1. Damage Progress of C1-6 Column
Fig. 6 shows the damage progress of C1-6 column within 1.2m from the column base at the NE
and SW cornerduring the 6th excitation, the last excitation, when the response displacement was at
the peak. At the peak response displacement, the NE corner was subjected to tension whereas the
SW corner was subjected to compression.
During the first excitation, at a peak drift of 1%, only micro cracks were observed around the
column. During the second excitation, a few flexural cracks were observed where a maximum
crack opening of about 8 mm at a height of 0.60 m from the column base occurred at the NE
corner. On the other hand, vertical hairline cracks started to widen at the NE and SW corners. The
damage progressed during the 6th excitation. At a peak drift of 6%, PFRC cover did not crush
however flexural cracks propagated all around the column. From the video records, maximum
flexural crack opening of about 20 mm was determined at the NE corner and 10 mm at a height of
1.2 m from the column base at the SW corner during the excitation. The vertical crack at the SW
corner progressed and opened with a maximum width of approximately 14 mm. In general, local
bar buckling was limited. Note that even after six times of excitation, the damage sustained by C16 column was much less than the damage of regular reinforced concrete columns.
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3.2. Damage Progress of HPF-S Column
Fig. 7 shows the damage progress of HPF-S column after the 6th excitation. During the 1st, 2nd,
and 3rd excitation at the peak drift of 1.1%, 1.2% and 1.9%, respectively, only flexural cracks as
wide as 0.06 mm to 0.15 mm occurred. During the 4th excitation, the peak lateral drift of the
column was 3.7 % drift, and a major vertical crack occurred at the SW corner which extended
during the 5th excitation (the peak lateral drift was 5.1 % drift). Note that at the 4th excitation,
concrete at the footing surface crushed as deep as 30 mm and local buckling of longitudinal bars
later developed at this location.
During the 6th and 7th excitations (the peak lateral drift was 6.0 % and 7.5 % respectively), the
vertical cracks further extended however PFRC did not suffer extensive damage without
deterioration of the flexural restoring force. During the 8th excitation, the peak column
displacement reached 9.0% drift, and at least four longitudinal bars ruptured. After the 9th
excitation, the flexural restoring force deteriorated.
3.3. Moment and Ductility Capacity
Fig. 8 shows the alignment of the moment-lateral displacement/drift hystereses between C1-6
column and HPF-S column (scaled up by (35/6)3) in the principal response direction, i.e. the
direction where the response displacement is at maximum. The HPF-S column had provided about
8% higher moment capacity than C1-6 column during the 3rd excitation. This observation is
similar to the study of Oya et. al [17] wherein they investigated the behavior of a fullscale and
scaled model reinforced concrete column subjected to shake-table experiments and seismic
response loading experiments, respectively. The difference in moment capacity is attributed to the
slower progress of failure of the model column compared to the full-scale column. As such, C1-6
column experienced larger drift than HPF-S column during the entire series of excitations.
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4. Conclusions
Based on the results, it was observed that there is a strong similarity between the full-scale and
model column’s damage progress and moment vs. displacement/drift capacity. However, it was
observed that the progress of damage was much slower in HPF-S model column compared to the
C1-6 full-scale column. This was evident in the 8% overestimation in moment capacity of the
model column. This shows that the scale factor of time in similitude procedure has great effect in
prediction of column's response.
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